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Abstract 
The COCS (Cost Saving CO2 Capture System) Project is concerned with the R&D of CO2 capture from gas streams using a 
chemical absorption process and has been conducted since 2004 as a five year project. Three high performance absorbents 
(Solvents A, B and C) with different characteristics have been developed to date in this project. The best energy performance as 
estimated by mathematical analysis was 2.57 GJ/t-CO2 in terms of regeneration energy. This value is far lower than the value for 
the commercially used absorbent (monoethanolamine, MEA; 4.0 GJ/t-CO2). These values were found in bench-scale tests (MEA: 
4.1, Solvent-C: 2.8 GJ/t-CO2). If these new absorbents could be applied to CO2 capture the cost can be reduced by 40%. 
 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
CO2 capture from an atmospheric pressure gas stream is a significant challenge for the implementation of CCS 
(CO2 capture and storage) to reduce greenhouse gas emissions. Industrial processes such as electric power 
generation with fossil fuels and iron-making with metallurgical coke are stationary sources that emit large amounts 
of CO2. The capture of CO2 has great potential in these industries. Chemical absorption processes are the most 
suitable and currently applicable technology for these CO2 sources. However, the cost of CCS using chemical 
absorption processes is still high at this time. The cost of thermal energy in chemical absorption processes accounts 
for a large percentage of the cost of CCS because chemical absorption processes require large amounts of thermal 
energy to regenerate the absorbents. Therefore, the development of cost-saving CO2 capture technology is very 
important for the commercialization of CCS. 
The capture of CO2 by chemical absorption is a current subject of R&D and the development of alternative 
absorbents to the conventional absorbent is of interest. Aqueous amines such as monoethanolamine (MEA) are 
broadly used for CO2 removal from atmospheric gas streams. It is therefore essential to develop novel absorbents 
that have superior performance to MEA especially regarding the following characteristics: 
 - High capacity for CO2 capture 
 - High absorption/desorption rate 
 - Low regeneration energy 
 - High stability (volatility, degradation, corrosion etc.) 
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Plenty significant research in this field has been done and usually the CO2 absorption/desorption behavior of 
absorbents is discussed on the basis of experimental results from scrubbing, vapor-liquid equilibrium or kinetics etc. 
To relate absorbent characteristics to the process performance of CO2 capture an evaluation of the regeneration 
energy by mathematical analysis with results from experimental measurements have also been reported.  
For example, Bonefant et al. [1] and Singh et al. [2] focused on the relation between the chemical structure and 
absorption/desorption behavior. Notz et al. [3] compared the relative regeneration energy of blended solvents on the 
basis of the vapor liquid equilibrium analysis with a McCabe-Thiele diagram. Hoff et al. [4] quantitatively evaluated 
the regeneration energy of new absorbents. However, despite the large amount of research the properties of potential 
products are still insufficient. 
This paper introduces the COCS project that aims to develop a low cost CO2 capture system and we show the 
progress made in developing novel absorbents. 
2. Outline of the COCS project 
CCS is regarded as an immediate and potential countermeasure to global warming but its implementation cost is 
still high. As the cost of CO2 capture from a gas stream is estimated to be 70% of the total CCS cost it is important 
for the commercialization of CCS technology that the CO2 capture cost is reduced. 
The COCS (Cost Saving CO2 Capture System) project [5] is a new R&D project that aims to capture CO2 from 
gas streams by a chemical absorption process. The project started in 2004 as a five-year project. Figure 1 shows the 
project target which is to reduce the CO2 capture cost by half compared with the cost of the current technology. A 
main goal of the project is to remove CO2 from the blast furnace gas stream in integrated steel works by chemical 
absorption, as shown in Figure 2. Other research issues of interest are the development of both novel absorbents and 
a heat recovery system for waste heat. This project has been conducted in collaboration with four Japanese 
companies. RITE is leading the development of novel absorbents. 
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Figure 1. R&D target of the COCS project. 
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Figure 2. Outline of the COCS project. 
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3. Development scheme for new absorbents 
In this study three types of high performance absorbents that have different characteristics were developed on the 
basis of the following development scheme. 
The early stage of R&D investigated the relationship between absorbent characteristics and the regeneration 
energy. Figure 3 shows the process flow for CO2 capture by chemical absorption. This figure also shows both 
thermal energy supply and consumption. The thermal energy (QTotal) from the reboiler of the stripper bottom is used 
as the heat input to strip CO2 from the rich solvent and to regenerate absorption capacity. This is the only input 
energy in CO2 capture by chemical absorption and is defined as the regeneration energy. 
The regeneration energy is consumed in three thermal processes. The first is in a stripper reaction where the heat 
(QR) is used for CO2 stripping. The second is in the lean solvent cooler where the remaining heat (QH) after heat 
exchange between lean- and rich- solvents is eliminated. The third is in the reflux condenser at the top of the stripper 
where the latent heat (QV) of the vapor is eliminated. The regeneration energy may thus be defined as in Eq.(1). To 
develop high performance absorbents these three heat consumptions need to be reduced. 
VHRTotal QQQQ        (1) 
The desirable characteristics of absorbents, as shown in Figure 4, will play an important role in reducing the 
regeneration energy. The large capacity for CO2 capture influences the reduction of QH and the low heat of reaction 
has a direct influence on the reduction of QR. In addition, a high absorption/desorption rate will have major 
significance for the actual operation. 
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Figure 3. CO2 capture by chemical absorption.       Figure 4. Desirable characteristics of novel absorbents. 
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Figure 5. Development history for new absorbents. 
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Figure 5 shows the development history of Solvents A, B and C in the COCS project. Initially, hundreds of 
commercial amine solvents were investigated and then the absorption/desorption performance of amine solvents 
were compiled in an experimental database. Solvent A was selected from the absorbents because it showed a large 
capacity for CO2 capture. Solvent B was developed by improving Solvent A especially with regards to reducing its 
heat of reaction. Solvent C was developed by molecular design after effects of chemical functional groups and 
chemical structures on absorption/desorption performance was investigated. Solvent C had superior performance in 
terms of absorption/desorption rate. 
4. Experimental Study 
For the COCS project the following fundamental experiments were carried out and two different size bench-
plants were operated for process experiments. 
 
(1) Screening test 
A screening test was an initial attempt to investigate absorbent performance. A 250ml glass scrubbing-bottle 
filled with 50 ml of a test solvent was placed in a water bath controlled at 40°C. A 20% CO2 / 80% N2 gas mixture 
was then supplied to the bottle at a flow rate of 700 ml/min. After 60 minutes of CO2 absorption the bottle was 
moved to the other water bath which was controlled at 70°C and CO2 was desorbed from the solvent. The flow rate 
and CO2 concentration of the feed gas were constant during absorption and desorption tests. During the test the 
outlet gas from the reactor was analyzed with a carbon dioxide analyzer (VA-3001, HORIBA). The CO2 loading and 
absorption/desorption rate with time were estimated from the measured CO2 concentration. 
 
(2) Vapor-liquid equilibrium test 
Solvents that showed superior performance in the screening test were further investigated by measuring their 
vapor-liquid equilibrium. The experimental apparatus contained a 700-cm3 stainless steel cylindrical vessel 
(autoclave), a water-saturator, an electric heater, a condenser and a CO2 analyzer. It was designed to operate at 
temperatures of up to 200°C and pressures up to 1MPa. Tests were conducted between 40°C and 120°C. 
To analyze the equilibrium data the CO2 concentration in both the gas and liquid phases were measured. The CO2 
partial pressure was derived from the temperature, total pressure and the measured CO2 concentration. For the liquid 
phase a sample was drawn from the autoclave and the amount of CO2 was measured with a Total Organic Carbon 
analyzer (TOC-VCH, Shimadzu). 
 
(3) Heat of reaction 
The heat of reaction during absorption was measured in this study. This measurement was based on two 
assumptions. First is that CO2 absorption involves some electrolyte reactions but one overall reaction takes place. 
Second is that CO2 absorption and desorption are reversible reactions and thus the absolute values for heats of 
reaction for both processes are equal. A Differential Reaction Calorimeter (DRC, SETARAM) was used to measure 
the total heat generated. 
 
(4) Bench-scale plant test 
Two different bench-scale plants were operated to examine promising absorbents. One was a 2kg-CO2/h plant and 
the other was a 1t-CO2/d scale plant. The smaller plant was used for previous research done by Mimura et al. [6]. The 
larger plant was built to evaluate process performances with actual blast furnace gas. 
 
 
 
 
 
 
 
 
 
 
 
1086 K. Goto et al. / Energy Procedia 1 (2009) 1083–1089
 K. Goto / Energy Procedia 00 (2008) 000–000 5 
 
 
 
 
nCO
p 2
12 nCOp nCO2D
12 nCOD
equilibrium
n
G
th
1n
G
th n
L
th
1n
L
th
Heat & mass
balance
               
Stripper
1. (Rich solvent)
CO2 loading:   Equilibrium 
condition at 50 ºC, 20 kPa-CO2
'T2. (Efficiency of heat exchanger)
Temperature difference between 
lean and rich solvents:  10 ºC
Heat 
exchanger
 
 
          Figure 6. Equilibrium stage model.                    Figure 7. Calculation conditions for heat and mass balances.  
 
 
5. Mathematical Study 
An equilibrium stage model for the stripper and an enthalpy calculation were carried out for a mathematical study. 
The equilibrium stage model was applied to the calculation of process variables in the stripper. The enthalpy 
calculation was done to investigate the heat and the mass balance related to the heat exchanger and the stripper. 
Through these calculations the regeneration energy and three process heat consumptions were clarified. 
For the mathematical study experimental results obtained from vapor-liquid equilibrium tests and reaction 
calorimetry were considered. Figure 6 shows the concept used for the equilibrium stage model. The equilibrium 
between CO2 partial pressure (pCO2|n) and CO2 loading (DCO2|n) was established at stage (n). Heat and mass balance 
as defined by Eq.(2) and Eq.(3) is also established. Experimental results obtained from vapor liquid equilibrium tests 
were formulated as Eq.(4) and used in the calculation. The heat of reaction obtained from reaction calorimetry was 
used in Eq.(5) as the difference in CO2 enthalpy between the gas and the liquid phase. The calculation was carried 
out under the initial conditions shown in Figure 7. 
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6. Results and Discussion 
Table 1 shows experimental results of all three novel absorbents. Solvent A has a large capacity for CO2 capture 
and Solvent B has a low heat of reaction. Solvent C shows superior absorption/desorption rate performance as well 
as CO2 capture capacity. 
Mathematical studies show that Solvents A, B and C remove CO2 with lower energy consumption than 30wt% 
MEA. Figure 8 shows the mathematical and experimental results obtained by evaluating the absorbents for the 
regeneration energy. The three high performance absorbents have a lower regeneration energy requirement than the 
conventional absorbent, 30wt% MEA. Solvent C achieved a value of 2.57 GJ/t-CO2 as its regeneration energy which 
is far lower than the commercial solvent (monoethanolamine, MEA; 4.0 GJ/t-CO2). This result was demonstrated in 
the bench-scale tests (MEA: 4.1and the 2.8 GJ/t-CO2). If the absorbent is to be used for CO2 capture a 40% reduction 
in CO2 capture costs may be achieved. Furthermore, with optimization of both absorber/regenerator column 
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specifications and their operation the regeneration energy and CO2 capture cost could decrease even more. 
Figure 8 also shows a quantitative evaluation of heat consumptions in the regeneration energy. Owing to the 
larger CO2 capture capacity of the new absorbents the sensible heat of an absorbent was reduced with a decrease in 
the solvent flow rate. However, the heat of reaction required a large percentage of the regeneration energy. For 
example, the heat of reaction for Solvent C was about 70% of the regeneration energy. The next target for the 
development of absorbents should be to reduce the heat of reaction.  
7. Conclusion 
The COCS project was undertaken to develop novel absorbents for CO2 capture. Experimental and mathematical 
analyses were carried out to evaluate absorbent performance. The results are summarized as follows: 
- RITE developed new absorbents, Solvents A, B and C. They had superior performance compared with MEA, a 
conventional absorbent. The regeneration energy of Solvent C was 2.57 GJ/t-CO2 as determined by a mathematical 
analysis with an equilibrium stage model. This value was 34% of the current regeneration energy level. We also 
estimated that the absorbents could achieve a 40% reduction in CO2 capture cost. 
- A mathematical analysis of the regeneration energy with the equilibrium stage model was an effective tool to 
select absorbents in the early stage of absorbent development. The results from the mathematical analysis 
quantitatively identified possible high performance absorbents. These absorbents can be developed further by 
increasing absorption capacity and reducing heats of reaction. 
 
 
Table 1 Experimental result for the studied absorbents 
 
Absorbent
MEA30wt%
Solvent A
Solvent B
Solvent C
Absorption 
rate*
[g/L/min]
Absorption 
capacity**
[g/L]
85
80
69
74
Reaction 
heat
[kJ/mol-CO2]
36
90
66
112
5.4
3.7
4.2
4.8
* :   Results of screening tests at 50% CO2 loading
** :  Difference of CO2 loading between 40 oC and
120oC under equilibrium condition.  
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Figure 8. The regeneration energy of absorbents. 
(Exp: 2kg-CO2/h bench plant tests) 
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8. Notations 
HCO2G :  Enthalpy of CO2 in gas phase   [kJ/mol-CO2] 
HCO2L :  Enthalpy of CO2 in liquid phase   [kJ/mol-CO2] 
'HR : Heat of reaction for absorption/desorption [kJ/mol-CO2] 
htG :  Total enthalpy of the gas phase   [W] 
htL :  Total enthalpy of the liquid phase   [W] 
hiG :  Enthalpy of gas phase composition, i  [W] 
hjL :  Enthalpy of liquid phase composition, j   [W] 
pCO2 :  CO2 partial pressure   [kPa-CO2] 
Q :  Regeneration energy   [GJ/t-CO2] 
QH :  Sensible heat of absorbent   [GJ/t-CO2] 
QR :  Reaction heat of CO2 stripping   [GJ/t-CO2] 
QV :  Latent heat of vapor at the stripper top  [GJ/t-CO2] 
q :  Heat balance of a calculation stage   [W] 
DCO2 :  CO2 loading in liquid phase    [mol-CO2/mol-Amine] 
(Subscripts) 
i :  Species in gas phase (CO2, N2, H2O)  [kg-H2O/kg-CO2] 
j :  Species in liquid phase (CO2, H2O, Amine) [kg-H2O/kg-CO2] 
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